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Water	 pollution	 is	 rising	 due	 to	 the	 increase	 in	 human	 population.	 This	 represents	 a	 serious	
danger	 for	 the	 environment	 and	 human	 health.	 The	 wastewater	 sector	 is	 facing	 stricter	
regulations	on	environmental	discharge	limits,	which	result	in	higher	energy	and	costs	to	remove	
contaminants.	Thus,	 there	 is	 the	need	 to	develop	more	 sustainable	 technologies	 that	promote	
circularity	by	recovering	valuable	products	and	reusing	resources.	Amongst	them,	ammonia	is	a	











material	 for	 the	 adsorption	 technology.	 In	 this	 regard,	 innovation	 is	 needed	 due	 to	 high	
operational	costs	of	conventional	adsorbents.	In	this	work,	the	Metal-Organic	Framework	ZIF-67	
is	 used	 for	 the	 first	 time	 for	 this	 application.	 ZIF-67	 demonstrates	 to:	 (i)	 successfully	 remove	
ammonium	with	an	adsorption	capacity	comparable	to	natural	zeolites;	(ii)	achieve	85	%	removal	
efficiency	at	35	°C;	(iii)	be	effectively	used	in	a	continuous	system;	and	(iv)	be	used	in	a	composite	
configuration	with	recycled	carbon	fibres,	which	will	 facilitate	 the	use	of	 this	material	at	 large	
scale.	ZIF-67	removes	ammonia	upon	heating,	thus	reducing	the	need	of	chemicals	required	for	
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countries	 are	 unprecedented.	 It	 has	 been	 estimated	 that	 the	 change	 in	 climate	 that	 has	
occurred	 in	 the	 past	 century	 has	 indirectly	 impacted	 wastewater	 treatment	 plants	 due	 to	
sudden	temperature	change,	floods,	droughts,	storms	and	heavy	precipitation	[1].	One	of	the	
United	Nations	Sustainable	Development	Goals	(UN	SDG)	states:	“ensure	access	to	water	and	
sanitation	 for	 all”,	 since	 it	 is	 a	 basic	 human	need	 [2].	 Effective	wastewater	management	 is	
therefore	critical	to	ensure	water	quality	and	pollution	control.	To	tackle	water	pollution,	in	




treatment	 companies	 towards	 the	development	of	more	 sustainable	 treatment	works,	with	






growth	 of	 algae	 in	 the	 receiving	 water	 body,	 with	 critical	 consequences	 for	 aquatic	 life.	
Fortunately,	 both	 are	 valuable	 resources	 and	 find	 commercial	 applications	 as	 fertilisers.	
Nitrogen	is	an	essential	element	for	life	on	Earth	and	is	largely	present	in	the	atmosphere	(78	






on	 industrial	 scale.	The	 sudden	wide	availability	of	 ammonia	promoted	 the	 increase	 in	 the	














wastewater	 every	 day,	 the	 company	 has	 been	 deeply	 committed	 to	 building	 a	 sustainable	
future.	Their	investments	are	focused	towards	carbon	neutrality	and	also	the	development	of	
technologies	 which	 look	 at	 the	 recovery	 of	 resources	 from	 sewage	 and	 wastewater.	 In	
particular,	 the	 recovery	 of	 ammonia	 is	 an	 opportunity	 to	 simultaneously	 reduce	 nitrogen	
pollution	 and	 obtain	 a	 valuable	 product.	 An	 effective	 recovery	 technology	 would	 replace	












question:	 how	 can	 we	 recover	 ammonia	 from	 sewage	 and	 wastewater	 using	
environmentally	sustainable	and	economically	feasible	technologies?	




























Despite	 the	 importance	of	ammonia	as	a	resource,	 this	chemical	can	also	be	harmful	 to	 the	


















The	pathway	 is	divided	 into	three	steps:	accumulation,	release	and	extraction.	 If	recovered,	
nitrogen	 has	 to	 be	 accumulated	 before	 being	 released	 and	 extracted	 in	 the	 form	 of	 a	 final	
product.	The	most	conventional	pathway	applied	in	WWT	works	only	removes	ammonia	by	
applying	 only	 the	 accumulation	 and	 release	 steps.	 This	 is	 usually	 achieved	 via	 biological	
treatments	 that	 use	 bacterial	 activity	 in	 aerobic	 and	 anaerobic	 conditions	 to	 transform	






European	 Union	 to	 treat	 nitrogen	 and	 related	 pollution	 [15].	 Recently,	 more	 stringent	
regulations	 were	 implemented	 on	 effluent	 limits	 to	 ensure	 the	 quality	 of	 freshwater	 and	






focuses	 instead	on	ensuring	 the	quality	of	 the	 receiving	water	body	 [17].	The	 regulation	 is	
defined	 depending	 on	 the	 pollution	 levels	 of	 the	 receiving	 waters	 and	 can	 establish	
management	plans	 for	selected	river	basins	or	designate	protected	areas.	As	a	result,	many	
WWT	plants	already	require	effluents	concentration	below	5	mg	L-1	[18].	Consequently,	higher	
energy	 inputs	 are	 needed	 to	 meet	 the	 target	 outlet	 concentration	 limits,	 increasing	 the	
operational	cost	of	the	treatment	plants.	In	addition	to	this,	the	water	utilities	are	looking	to	
implement	more	sustainable	processes	and	interest	in	resource	recovery	from	wastewater	has	
risen	 significantly	 in	 the	 past	 decade.	 Thus,	 the	 recovery	 of	 ammonia	 from	 wastewater	
represents	a	great	opportunity	to	concurrently	reduce	nitrogen	pollution	in	liquid	streams	and	
gain	 a	 valuable	 and	 marketable	 product	 that	 finds	 applications	 in	 industry,	 including	 the	
production	 of	 fertilisers.	 Therefore,	 it	 was	 the	 primary	 aim	 of	 this	 project	 to	 investigate	
ammonia	recovery	technologies	from	wastewater.	For	the	aforementioned	reasons,	nitrogen	
removal	technologies	that	belong	to	the	release	stage	will	not	be	discussed	in	this	report,	as	
they	 do	 not	 align	 with	 the	 scope	 and	 objectives	 of	 this	 research.	 These	 conventional	
technologies	have	been	extensively	studied	and	can	be	found	in	recent	review	papers	[19,20].	







application	potential,	sustainability	 factor,	cost,	and	margins	 for	 improvement,	ranked	from	















Air	stripping	 √√	 √	 √	 √	 √	
Membrane	
contactors	
√√√	 √	 √√	 √	 √√	
Ion	exchange	 √√√	 √√√	 √√√	 √√	 √√√	
Chemical	
precipitation	
√√	 √√√	 √√√	 √√	 √√	



















regulation	 and	 the	 effect	 of	 other	 parameters,	 such	 as	 air	 flow	 rate	 and	 temperature	 [22].	
Therefore,	it	becomes	a	possible	option	only	at	very	high	NH4-N	concentrations	in	the	inlet.	For	
this	 reason,	 it	 has	 mainly	 been	 applied	 in	 industrial	 ammonium-rich	 liquid	 waste	 stream;	
hence,	 the	 industrial	 applicability	 for	 WWT	 works	 was	 ranked	 as	 low.	 The	 margins	 for	
improvement	are	also	low,	since	the	technology	is	well-established	and	work	on	the	principles	








and	 addition	 of	 sodium	 hydroxide	 to	 increase	 the	 pH	 [24].	 The	 membrane	 is	 usually	 a	
polymeric	hollow	fibre	membrane	with	high	surface	area	(e.g.	polypropylene	[25]).	Also	for	
this	technology	fouling	represents	a	challenge,	in	addition	to	high	operating	costs	due	to	alkali	


























cells	 and	 a	 hydraulic	 retention	 time	 in	 the	 order	 of	 days	 to	 be	 effective	 [30,31].	 Thus,	 this	
















fuel	 cells	 and	 microbial	 electrolysis	 cells.	 The	 former	 produces	 electricity	 from	 the	
decomposition	 of	 organic	 matter	 through	 microorganisms,	 whereas	 the	 latter	 is	 run	 by	
applying	a	current	to	produce	hydrogen	gas	[33].	Despite	these	work	effectively	at	laboratory	
scale	 [34],	 the	 process	 scale-up	 is	 extremely	 challenging.	 The	 greatest	 issues	 involve	 high	
capital	costs	and	a	drop	of	performance	in	system	with	greater	capacity	[35–37].		
2.5 Adsorption	and	ion-exchange	
On	 the	 contrary,	 ion	 exchange	 seems	 like	 a	more	promising	 technology	 for	 industrial	 scale	
applications.	This	technique	is	a	recovery	technology	which	accumulates	the	ammonium	onto	
a	sorbent	by	exchanging	it	with	one	of	its	ions.	The	technology	presents	columns	packed	with	
the	 adsorption	 media,	 and	 it	 can	 be	 operated	 in	 batch	 or	 continuous	 [38].	 It	 has	 several	




in	 the	 form	 of	 an	 ammonium	 salt	 by	 adding	 an	 acid	 solution	 (e.g.	 sulfuric	 acid).	 The	 cost	






g-1	 for	synthetic	zeolites,	 the	overall	environmental	 impact	could	be	improved	by	10-200	%	
[45].	Very	recently,	researchers	have	started	investigating	the	synthesis	of	porous	materials	














and	 therefore	 is	 a	 valuable	 product.	 From	 a	 process	 point	 of	 view,	 however,	 a	magnesium	
source	(magnesium	chloride)	has	to	be	added	because	it	 is	present	 in	 lower	concentrations	
compared	to	ammonium	and	phosphate.	Furthermore,	struvite	usually	contains	heavy	metals	










Currently,	 the	 key	 challenges	 related	 to	 the	 development	 and	 use	 of	 ammonia	 recovery	
technologies	on	industrial	scale	can	be	summarised	as:	









refers	 to	 the	 nitrogen	 content	 of	 ammonium,	 can	 increase	 up	 to	 800	 mg	 L-1.	 The	 NH4-N	
concentration	reaches	such	high	levels	in	the	sludge	liquors	because	it	is	first	accumulated	by	
the	bacteria	and	 then	released	during	 the	anaerobic	 treatment	of	biomass.	However,	 in	 the	
wastewater	 mainstream	 the	 concentration	 is	 typically	 up	 to	 35	 mg	 L-1	 [11,13].	 Thus,	 the	
concentration	of	NH4-N	in	wastewater	is	one	key	factor	that	affects	the	cost-effectiveness	of	
ammonia	recovery	technologies.	
Challenges	 for	 the	development	of	recovery	 technologies	 lie	also	 in	 the	efficiencies	of	 these	
processes.	 For	 example,	 the	 ion	 exchange	 technique	 with	 zeolites	 can	 potentially	 achieve	
effective	 recovery	 but	 performance	 can	 drop	 in	 presence	 of	 competing	 cations,	 or	 after	



























































































the	 advantages	 and	 disadvantages	 of	 both	 fully	 developed	 processes	 and	 lab-scale	
technologies,	 revealing	 the	 gaps	 in	 the	 literature	 and	 setting	 the	 topics	 and	 the	 research	
questions	 that	needed	to	be	addressed.	From	this	review,	 the	broad	aim	and	more	detailed	
research	objectives	of	the	projects	were	defined.	The	project	focused	on	two	streams	of	work	
which	 regarded	 the	 optimisation	 of	 an	 existing	 chemical	 precipitation	 process	 and	 the	
development	of	a	novel	adsorption	process	for	the	tertiary	treatment.	This	Section	details	the	
materials	and	methods	that	were	used	to	conduct	the	research	for	both	techniques.	











review,	 several	 classes	of	materials	were	 compared,	 from	zeolites,	 resins,	 and	hydrogels	 to	
Metal-Organic	Frameworks.	A	gap	in	the	knowledge	was	revealed	regarding	the	use	of	Metal-
Organic	Frameworks	for	this	application.	This	review	led	to	set	the	objectives	for	the	second	
project	 and	 is	 summarised	 in	 the	 introduction	 of	 Section	 5.	 Section	 5	 reports	 also	 the	
experimental	work	carried	out	in	Submission	4,	which	regarded	the	investigation	of	several	
Metal-Organic	Frameworks	for	their	use	in	ammonia	adsorption	in	the	liquid	phase,	fulfilling	



























This	 research	 involved	 thermal	 analysis	 as	 a	 first	 step	 to	 assess	 the	 results	 provided	 from	




Plasma	 and	 CHN);	 Fourier-Transform	 Infra-Red	 spectroscopy	 (FTIR)	 to	 understand	 the	
chemical	 structure;	 X-Ray	Diffraction	 (XRD)	 to	 reveal	 the	 phase	 and	 crystallinity.	 A	 kinetic	
analysis	was	then	carried	out	to	establish	the	reaction	pattern	and	provide	useful	information	
that	is	needed	for	the	design	of	the	technology.	The	methods	employed	for	this	study	were	the	

















































this	 study,	 it	 was	 used	 to	 understand	 the	mechanism	 of	 decomposition	 of	 struvite	 and	 its	
activation	energy	Ea,	the	energy	required	for	the	reaction	to	take	place.	Several	approaches	can	
be	 employed	 to	 determine	 the	 reaction	 model	 based	 on	 experimental	 data,	 including	

































curve,	 by	 plotting	 ln (𝛽!
#$
#%!







	 Reaction	model	 𝒇(𝜶)	 𝒈(𝜶)	
1	 Power	law	 4𝛼&/( 	 𝛼)/(	




3	 Power	law	 2𝛼)/*	 𝛼)/*	
4	 Power	law	 2/3𝛼+)/*	 𝛼&/*	
5	 One-dimensional	diffusion	 1/2𝛼+)	 𝛼*	
6	 Mampel	(first-order)	 1 − 𝛼	 −ln	(1 − 𝛼)	
7	 Avrami-Erofeev	 4(1 − 𝛼)[− ln(1 − 𝛼)]&/(	 [− ln(1 − 𝛼)])/(	
8	 Avrami-Erofeev	 3(1 − 𝛼)[− ln(1 − 𝛼)]*/&	 [− ln(1 − 𝛼)])/&	
9	 Avrami-Erofeev	 2(1 − 𝛼)[− ln(1 − 𝛼)])/*	 [− ln(1 − 𝛼)])/*	
10	 Three-dimensional	diffusion	 2(1 − 𝛼)
*
&(1 − (1 − 𝛼)
)
&)+)	 [1 − (1 − 𝛼)
)
&]*	
11	 Contracting	sphere	 3(1 − 𝛼)*/&	 1 − (1 − 𝛼))/&	
12	 Contracting	cylinder	 2(1 − 𝛼))/*	 1 − (1 − 𝛼))/*	
















































































































derivatives	 Yes	 Yes	 Yes	 1000-1200	 Yes	 [55–59]	
ZIF-8	and	
ZIF-67	 Yes	 Yes	 Yes	 1500	 Yes	 [60,61]	
CPO-27	(Zn	
and	Ni)	 Yes	 Yes	 Yes	 257-1351	 Yes	 [62–64]	
Ni(INA)2	 Yes	 Yes	 Yes	 12	 Yes	 [65]	
HKUST-1	 No	 Yes	 N.A.	 700-1615	 Yes	 [66,67]	
MIL-53	(Al)	 Yes	 Yes	 Yes	 945-3740	 Yes	 [68–71]	
	
Out	 of	 the	 chosen	materials,	 the	 followings	 could	 be	 sourced	 commercially:	 ZIF-8,	 ZIF-67,	
CPO27(Ni),	CPO-27(Zn),	HKUST-1(Cu)	and	MIL-53(Al).	These	materials	were	purchased	from	
Promethean	 Particles	 Ltd	 and	 were	 used	 without	 further	 purification,	 as	 advised	 by	 the	
company.	The	others	were	made	on	a	 lab	 scale	by	 the	 researcher	or	by	 the	Department	of	

















Cu-doping	 RT	 CH3OH	 Method	adapted	from	[73]	








the	 literature	 [75].	 The	 oxidised	 rCF	were	 added	 to	 one	 of	 the	 precursors	 (cobalt	 nitrate)	
during	the	synthesis	reaction	of	ZIF-67	[74].	
3.3.2 Methods	
Firstly,	 a	 screening	 test	was	 conducted	 to	understand	 the	 suitability	of	 the	MOFs	and	 their	
capacity	to	capture	NH4-N	whilst	retaining	their	structure	(objective	B.1).	The	techniques	and	
instruments	that	were	used	to	characterise	the	materials	are	the	same	as	the	ones	reported	in	
Section	 3.2.2.	 The	 MOFs	 were	 tested	 in	 a	 batch	 system	 containing	 ammonia	 solution	
(ammonium	 chloride)	 in	 fixed	 conditions	 of	 NH4-N	 concentration	 (100	 mg	 L-1),	 initial	 pH	
(neutral),	volume	of	NH4-N	solution	(100	mL)	and	adsorbent	loading	(10	g	L-1),	as	performed	
in	 other	 adsorption	 studies	 [76–78].	 The	NH4-N	 concentration	 of	 100	mg	 L-1	 is	 a	 value	 in-



















The	 residual	 concentration	 of	 ammonium	 (NH4-N)	 in	 the	 solution	 was	 determined	 using	
ultraviolet-visible	spectrophotometry	(UV-vis,	DR	2800,	HACH)	at	absorbance	of	690	cm-1	and	
the	 Ammonium	 Test	 Spectroquant®	 kit	 from	 Merck	 [79].	 The	 linear	 correlation	 between	
absorbance	intensity	at	690	cm-1	(x)	and	the	concentration	of	ammonium	(y)	was	found	as:		












































= 𝑘𝑛+𝑞𝑒 − 𝑞𝑡-
𝑛	 (Eq.	13)	
Where	𝑘1	 is	 the	rate	constant	and	 it	 is	expressed	 in	min-1,	 and	𝑞4 	 and	𝑞5	 are	 the	uptake	of	
adsorbate	per	mass	of	adsorbent	respectively	at	the	equilibrium	and	at	the	time	t,	expressed	in	
mg	g-1.	In	the	case	of	PFO,	the	equation	is	integrated	for	𝑛 = 1	and	it	is	solved	considering	that	





𝑙𝑛(𝑞3 − 𝑞*) = ln 𝑞3 − 𝑘/𝑡	 (Eq.	14)	
This	expression	can	be	rewritten	in	respect	to	𝑞5:	
































valuable	 to	 identify	 the	 interactions	between	adsorbate	and	adsorbent.	The	Freundlich	and	
Langmuir	models	are	two-parameter	correlations	that	had	been	initially	developed	for	gaseous	
adsorption	systems	[83,84].	However,	they	are	now	extensively	used	also	to	characterise	liquid	



































and	 takes	 place	 on	 multilayers.	 Compared	 to	 Langmuir	 model,	 this	 correlation	 does	 not	
describe	 the	 saturation	 of	 the	 adsorbent	 at	 high	 concentrations.	 The	 nonlinear	 Freundlich	
equation	is	the	following:	
𝑄3 = 𝐾:𝐶3;	 (Eq.	21)	
Which	is	linearised	as	follows:		 	
𝑙𝑜𝑔𝑄3 = 𝑛 log𝐶3 + 𝑙𝑜𝑔𝐾: 	 (Eq.	22)	
In	 this	case,	 the	Freundlich	constant	 is	KF	(mg	g-1)/(mg	L-1)n,	whilst	n	 is	a	parameter	which	














This	 technology	 is	 being	 already	 applied	 in	 one	 of	 Severn	 Trent	 WWT	 sites,	 and	 is	 also	
employed	 in	 other	 waste	 streams	 with	 high	 nutrients	 concentration	 (e.g.	 manure	 and	 pig	











(MgO)	 are	 dosed	 to	 initiate	 a	 controlled	 precipitation.	 Therefore,	 the	 use	 of	 this	 chemical	
significantly	increases	the	operating	cost	of	the	technology.	Another	cost	contribution	is	the	








dosed	 to	 produce	 1	 tonne	 of	 struvite	 (data	 provided	 by	 Severn	 Trent	 Water).	 Therefore,	
without	 taking	 into	 account	 other	 costs	 (e.g.	 energy,	 labour,	 maintenance	 operations)	 the	
process	is	not	cost-effective,	and	optimisation	is	needed	to	improve	the	value	of	the	product.	
Recently,	 researchers	have	highlighted	 the	possibility	of	 thermally	decomposing	struvite	 to	






and	 X-Ray	 diffraction	 techniques	 to	 affirm	 that	 struvite	 first	 transforms	 to	 magnesium	
hydrogen	 phosphate	 (MgHPO4)	 and	 then	 into	 magnesium	 pyrophosphate	 (Mg2P2O7).	 The	
mechanism	in	which	the	intermediate	compounds	are	formed	was	not	explained	in	this	study.	















Bhuiyan	described	 the	mechanism	 as	 the	 simultaneous	 release	 ammonia	 and	water	 in	 one	
stage,	 which	 was	 faster	 with	 slower	 heating	 rates	 [94].	 This	 was	 concluded	 from	 the	
thermogravimetric	analysis	and	the	shape	of	the	derivative	curves.		
Thus,	due	to	the	contradictory	information	present	in	the	literature	the	reaction	mechanism	of	








Figure	7	and	no	significant	difference	was	detected	between	 the	 two	samples,	 showing	 the	
same	 important	 peaks	 that	 characterise	 struvite,	 as	 reported	 in	 the	 literature	 [97,98].	 In	









The	 XRD	 results	 (Figure	 8)	 provided	 two	 very	 similar	 spectra,	 despite	 differences	 were	
detected	regarding	the	intensity	of	some	peaks.	This	could	be	due	to	several	reasons,	including	



































Mg	 %	 9.90	 11.34	 10.57	 10.00	
P	 %	 12.60	 17.42	 12.41	 12.60	
The	 elemental	 analysis	 identified	 the	 presence	 of	 impurities	 in	 the	 samples,	 which	 were	
analysed	for	several	elements,	including	heavy	metals	like	arsenic,	cadmium,	chromium,	lead,	
nickel	 and	 mercury	 that	 must	 be	 within	 limits	 set	 by	 the	 EU	 fertilisers	 regulation	 (EC	
2003/2003)	[105].	For	clarity,	the	value	of	cadmium	had	to	be	expressed	in	mg	kg-1	P2O5,	as	it	








As	 ppm	 0.00	 30	 60	






Cr	 ppm	 0.00	 11	 2	
Cu	 ppm	 0.01	 12	 N/A	
Hg	 ppm	 0.00	 <	5	 2	
Ni	 ppm	 0.07	 24	 120	
Pb	 ppm	 0.00	 19	 150	







































































Further	 experiments	 were	 carried	 out	 based	 on	 the	 results	 of	 the	 previous	 analysis.	 The	
conditions	 in	 this	 case	were	 isothermal	 to	 investigate	 the	 behaviour	 of	 struvite	 in	 a	more	
realistic	environment	and	understand	the	minimum	temperature	required	to	decompose	the	













were	 analysed	 with	 CHN	 and	 the	 nitrogen	 content	 was	 respectively	 4.27	 %	 and	 2.61	 %,	
compared	to	the	original	sample	which	had	5.47	%.	This	data	proved	that	there	is	simultaneous	
evaporation	 of	 ammonia	 and	 water,	 as	 reported	 by	 Frost	 et	 al.	 [93].	 Moreover,	 from	 an	
industrial	point	of	view	it	emerged	that	the	temperatures	of	interest	for	the	evaporation	of	all	
the	ammonia	are	above	75	°C.	Thus,	a	multi-stage	isothermal	experiment	was	carried	out	with	

















three	 peaks	 and	 the	 formation	 of	 a	 peak	 at	 circa	 750	 cm-1,	which	 can	 be	 attributed	 to	 the	
bending	vibrations	of	O-P-O.	This	may	indicate	that	struvite	decomposes	to	MgHPO4,	and	then	
into	 Mg2P2O7,	 as	 suggested	 in	 the	 literature	 [94,95].	 However,	 from	 this	 study	 it	 can	 be	
concluded	that	even	though	this	transformation	happens	between	145	and	250	°C,	nitrogen	is	
still	 present	 even	 though	 in	 a	 small	 fraction.	 CHN	 analysis	 confirmed	 that	 all	 ammonia	 is	
removed	at	500	°C,	with	0.15	%	left	in	the	sample.	Several	compounds	have	been	suggested	in	
the	 literature	 as	 possible	 calcination	 products,	 including	 magnesium	 pyrophosphate	












After	 having	 identified	 the	 final	 decomposition	 product,	 differential	 scanning	 calorimetry	
technique	(DSC)	was	used	to	identify	the	energy	required	to	release	completely	the	ammonia	
present	 in	 the	 compound.	 The	 curve	 has	 two	 peaks,	 confirming	 a	 two-step	 decomposition	
















first	 peak,	 0.497	 kJ	 g-1	 for	 the	 second	 peak).	 This	 includes	 the	 energy	 required	 for	 the	
transformation	of	the	compound,	but	also	the	latent	heat	of	vaporisation	of	both	ammonia	and	
water.	 This	 heat	 is	 embedded	 in	 the	 energy	 of	 the	 first	 peak,	 since	 all	 the	water	 and	most	
ammonia	evaporate	within	that	temperature	range.	The	latent	heat	of	vaporisation	of	ammonia	
was	calculated	as	0.029	kJ	g-1,	whilst	the	one	for	water	was	0.970	kJ	g-1.	The	activation	energy,	




energy	 supply	 and	 produces	 1000	 kg	 of	 struvite	 per	 day,	 the	 energy	 value	 to	 completely	
decompose	struvite	at	500	°C	found	in	this	study	represents	7.2	%	of	the	total	energy	needed	






















%	 the	 trend	 changed	 significantly,	 and	 this	 behaviour	 could	 correspond	 to	 a	 deceleratory	
region	where	the	model	is	difficult	to	determine	[51].	In	this	regard,	the	Friedman’s	method	











Indeed,	 the	 activation	 energy	 should	 be	 constant	 at	 every	 value	 of	 conversion	 if	 the	





graph	 further	 confirms	 the	 second	 region	 as	 a	 deceleratory	 phase	 of	 the	 degradation.	
Therefore,	the	model-fitting	approach	was	conducted	only	to	the	first	reaction	(0	<	α	<	0.75).		
From	Table	9,	where	the	F	function	is	reported	(Eq.	9,	Section	3.2.3)	it	can	be	seen	that	the	






1	 7.573	 85.97	 23.43	
2	 7.183	 82.71	 22.51	




4	 2.177	 65.21	 17.12	
5	 1	 60.72	 15.59	
6	 1.148	 61.49	 16.72	
7	 6.651	 80.06	 21.88	
8	 5.945	 76.52	 20.91	
9	 4.552	 71.46	 19.53	
10	 5.583	 52.04	 11.46	
11	 2.112	 64.75	 16.40	
12	 2.645	 66.29	 17.17	
13	 5.243	 50.47	 14.08	
The	activation	energy	determined	for	this	model	is	60.72	kJ	mol-1	(0.24	kJ	g-1),	in	accordance	






)/( = 𝑘M(𝑇)𝑡	 (Eq.	24)	
𝛼) = (𝑘M(𝑇)𝑡)(	 (Eq.	25)	










This	 suggests	 that	 the	 controlling	 factor	 for	 the	 first	 reaction	 occurring	 during	 the	
decomposition	is	likely	to	be	the	diffusion	of	ammonia	and	water	molecules.	The	fact	that	one-
dimension	 diffusion	 matched	 the	 experimental	 data	 much	 more	 closely	 than	 the	 three-
dimensional	one	can	be	due	to	the	fact	that	the	data	used	in	this	analysis	was	gathered	from	
the	 thermogravimetric	 experiments,	 which	 were	 conducted	 in	 small	 crucibles	 with	 small	
amounts	of	samples.	Therefore,	it	is	fair	to	assume	that	the	release	of	ammonia	and	water	is	
likely	to	have	happened	only	 in	the	vertical	dimension.	From	an	 industrial	perspective,	 this	
information	can	provide	guidance	in	the	design	of	the	technology,	since	a	reaction	controlled	
by	 diffusion	 could	 be	 accelerated	 under	 stirring.	 In	 fact,	 agitation	 allows	 to	 maintain	 a	
concentration	gradient	at	the	reaction	interface,	thus	endorsing	convective	transfer.	
Thus,	 by	 combining	 the	 kinetic	 analysis	with	 the	 thermal	 analysis	 and	 the	 characterisation	
analysis	it	can	be	concluded	that	the	first	reaction	transformed	struvite	into	MgHPO4	(Eq.	26),	
as	can	be	confirmed	by	the	FTIR	spectra,	even	though	not	all	ammonia	is	removed.		
MgNH(PO( ∙ 6H*O(:) → MgHPO(	(:) + NH&(=) ↑ +6H*O(=) ↑	 (Eq.	26)	
The	reaction	is	regulated	by	diffusion	of	water	and	ammonia	molecules	from	the	solid	to	the	
gas	 phase.	 From	 250	 °C	 to	 500	 °C	 the	 decomposition	 undergoes	 a	 second	 step,	 as	 also	
highlighted	in	the	DSC	experiment,	from	which	MgHPO4	is	transformed	into	Mg2P2O7	(Eq.	27).		












product,	 it	 is	necessary	to	use	MgHPO4,	since	the	 insolubility	of	Mg2P2O7	would	prevent	the	
compound	from	reacting	again	with	the	NH4-N	present	in	the	stream.	Recently,	research	has	





































T = 75 °C








Struvite	 decomposition	 in	 solid	 state	was	 investigated	 to	 understand	 if	 ammonia	 could	 be	
released	 and	 recovered	 as	 a	 more	 valuable	 product,	 and	 the	 magnesium	 source	 could	 be	
recycled	 in	 the	 system,	 saving	 part	 of	 the	 costs	 of	 the	 expensive	 chemical	 used.	
Thermogravimetric	analysis	showed	the	influence	of	the	heating	rate	in	the	decomposition	of	
struvite:	 the	 calcination	 onset	 temperature	 decreased	 at	 lower	 heating	 rates,	 confirming	




sample	 contradicting	 previous	 studies.	 The	 analysis	 confirmed	 that	 nitrogen	 (2.5	%	 of	 the	
sample)	 is	 left	 in	 struvite	 at	 that	 temperature.	 Ammonia	 could	 not	 be	 completely	 released	
below	250	°C,	as	shown	from	the	infra-red	spectra.	The	final	calcination	product	was	found	to	
be	magnesium	pyrophosphate.	Although	thermogravimetric	analysis	and	the	first	derivative	
displayed	 one	 main	 peak,	 the	 differential	 scanning	 calorimetry	 technique	 highlighted	 the	
presence	of	two	major	events	that	represent	a	change	in	the	phase	or	in	the	structure	of	the	
sample.	This	result	was	also	confirmed	by	the	kinetic	analysis	that	revealed	the	presence	of	
two	different	 reactions.	The	kinetic	 analysis	highlighted	 that	 the	 first	one	 is	 likely	 to	be	an	




MgNH(PO( ∙ 6H*O(:) → MgHPO(	(:) + NH&(=) ↑ +6H*O(=) ↑	





the	 second	 reaction	 converts	 MgHPO4	 into	 Mg2P2O7.	 The	 energy	 required	 to	 complete	 the	
degradation,	calculated	from	the	DSC	curves,	was	found	to	be	1.87	kJ	g-1	at	10	°C	min-1	(1.37	kJ	
g-1	 for	 the	 first	 reaction).	These	values	 correspond	 respectively	 to	7.2	 and	5	%	of	 the	 total	
energy	required	for	a	WWT	plant	serving	800,000	PE	and	producing	1	tonne	of	struvite	per	
day.	 	 Moreover,	 the	 decomposition	 would	 require	 minutes	 (less	 than	 30	 minutes	 were	
necessary	to	complete	the	degradation	when	heating	from	25	°C	at	10	°C	min-1).	In	this	study,	
a	prospect	of	the	design	of	the	technology	was	suggested,	which	involved	the	use	of	low-grade	





















higher-quality	 products.	 After	 having	 answered	 the	 research	 questions	 concerning	 this	
technique,	this	Section	reports	on	the	investigation	of	the	adsorption	technology.	In	particular,	
to	answer	research	question	number	2	of	this	project,	a	literature	review	was	carried	out	which	
is	 briefly	 reported	 in	 Section	 5.1.	 Then,	 Metal-Organic	 Frameworks	 were	 identified	 as	 a	
potential	alternative	to	conventional	zeolites.	This	hypothesis	was	elaborated	based	on	the	lack	
of	 knowledge	 regarding	 these	 materials	 for	 this	 application,	 but	 also	 for	 their	 excellent	

























more	 attractive	 from	 a	 sustainability	 point	 of	 view	 because	 research	 has	 shown	 that	 it	 is	
possible	to	synthesise	them	in	mild	conditions,	including	using	water	as	solvent,	solvent-free	
methods,	room-temperature	reactions,	ball	milling	technique	[122–126].	This	can	be	achieved	
because	 MOFs	 are	 constituted	 by	 a	 metal	 cluster	 which	 binds	 to	 organic	 linkers	 via	
coordination	bonds,	as	opposed	to	intermolecular	bonds	[127].	MOFs	have	so	far	been	tested	
mostly	 for	gas-phase	applications,	 including	the	capture	of	ammonia	gas.	 In	particular,	 they	























CPO-27)	 have	 been	 investigated	 for	 the	 removal	 of	 heavy	metals,	 such	 as	 lead,	 chromium,	
cadmium,	 mercury	 [138–140].	 In	 addition,	 UiO-66	 has	 shown	 promising	 green	 synthesis	
routes,	 as	 it	 has	 been	 successfully	 synthesised	 from	 common	 plastic	 waste,	 polyethylene	


























































































As	such,	 the	availability	of	 the	adsorption	sites	decreases.	By	 looking	at	 the	graph,	 the	best	
condition	seems	to	be	when	the	loading	is	between	5	and	10	g	L-1	where	the	removal	efficiency	



















the	 discharge	 limit	was	 10	mg	 L-1.	 However,	 depending	 on	 the	 dilution	 factor	 the	 allowed	









The	 uptake	 of	 NH4-N	 rose	 steadily	 with	 different	 initial	 NH4-N	 concentrations	 at	 different	
adsorbent	loadings.	In	particular,	at	10	g	of	ZIF-67	L-1	the	maximum	uptake	was	5.1	mg	g-1	when	
the	initial	concentration	was	500	mg	NH4-N	L-1.	Therefore,	even	though	the	removal	efficiency	







































formation	 of	 the	 soluble	 compound	 cobalt	 chloride,	 CoCl2.	 Indeed,	 analysis	 of	 the	 water	
samples	by	ICP	highlighted	a	release	of	cobalt	in	the	solution	with	the	highest	concentrations	
of	8.2	mg	L-1	and	4.4	mg	L-1	of	cobalt	in	solution	obtained	respectively	at	initial	pHs	of	2	and	8	











Sample	 Initial	pH	 Nitrogentotal	(%)	 Carbontotal	(%)	 Hydrogentotal	(%)	
ZIF-67	b.a.	 N.A.	 24.73	 42.62	 4.74	
ZIF-67	a.a.	 2	 13.64	 25.02	 3.62	
ZIF-67	a.a.	 3	 17.03	 30.61	 3.93	
ZIF-67	a.a.	 7	 22.17	 38.75	 4.43	
ZIF-67	a.a.	 8	 16.99	 30.65	 3.95	
This	decrease	corresponds	to	the	degradation	of	the	organic	ligand	2-methylimidazole,	whose	
molecule	contains	both	nitrogen	and	carbon.	In	this	regard,	the	worst	condition	is	to	have	an	



















Model/	Parameters	 Qe,	exp	[mg	g-1]	 k1	[min-1]	 Qe,	cal	[mg	g-1]	 R2	
Pseudo-First	Order	 1.671	 0.0108	 1.340	 0.933	
Model/Parameters	 Qe,	exp	[mg	g-1]	 k2																								[g	mg-1	min-1]	 Qe,	cal	[mg	g
-1]	 R2	













of	 active	 sites	 [82].	The	pseudo-second	order	has	been	 found	as	 the	best	 fit	 for	adsorption	
kinetic	model	also	for	zeolites	[40].	
5.3 Summary	
This	 work	 explored	 the	 potential	 of	 several	 water-stable	 MOFs	 in	 liquid	 systems,	 in	 the	
research	of	 innovative	materials	 that	 could	be	used	 for	 the	 adsorption	of	 ammonium	 from	
wastewater.	 The	 characteristics	 of	 an	 innovative	 adsorbent	would	 include	 high	 adsorption	
capacity,	reusability,	low	use	of	chemicals	needed	for	the	process,	sustainable	synthesis.	The	
aim	of	this	study	was	to	understand	the	capacity	of	MOFs	to	uptake	ammonium	and	provide	a	
proof	of	concept	 that	 these	materials	could	represent	an	alternative	option	 to	conventional	
zeolites.	After	a	materials	selection	carried	out	based	on	the	aforementioned	criteria	for	this	
application	(water	stability,	ammonia	affinity,	reusability,	green	synthesis)	the	following	MOFs	
were	 selected:	 UiO-66	 and	 derivatives,	 ZIF-8	 and	 ZIF-67,	 CPO-27,	 MIL-53,	 Ni(INA)2,	 and	










whilst	ZIF-67	was	 the	best	amongst	all	 the	MOFs	 tested	with	40	%	removal	efficiency.	The	



























also	 in	 the	 carbon	 and	 nitrogen.	 However,	 FTIR	 showed	 that	 the	 chemical	 bonds	 were	
maintained.	This	confirmed	the	structural	integrity	of	the	material,	suggesting	a	dissociation	of	
some	of	the	organic	molecules	from	the	metal	cluster.				
Lastly,	 the	 kinetics	 of	 the	 adsorption	 process	 with	 ZIF-67	 were	 investigated,	 by	 using	 the	
pseudo-first	order	and	pseudo-second	order	kinetic	models.	The	experimental	data	fitted	well	
the	pseudo-second	order	model,	as	reported	for	zeolites.	This	indicates,	as	hypothesised	during	
the	screening	test,	 that	chemisorption	 is	 the	mechanism	governing	the	process.	This	means	
that	 the	 uptake	 of	 NH4-N	 depends	 on	 the	 number	 of	 active	 sites,	 and	 on	 the	 exchange	 of	
electrons	between	ZIF-67	and	the	guest	specie.	This	suggests	that	by	modifying	the	structure	
and	increasing	the	number	of	sites	available,	the	adsorption	capacity	could	be	enhanced.	Thus,	


















Thus,	 the	 work	 reported	 in	 this	 Section	 was	 carried	 out	 specifically	 on	 ZIF-67	 and	 had	 the	
objectives	of:	
Ø Increasing	the	adsorption	capacity	of	ZIF-67;		




ZIF-67	 appears	 as	 a	 dark	 purple	 powder	 and	 is	 composed	 by	 a	 cobalt	 cluster	 and	
methylimidazolate	groups	as	ligands.	The	precursors,	cobalt	nitrate	and	2-methylimidazole,	react	
in	solution	forming	strong	coordination	bonds	that	generate	a	rhombic	dodecahedron	structure	








































the	 ligand,	 a	 possible	 strategy	 that	may	 improve	 the	performance	of	 ZIF-67	 could	 involve	 the	
addition	of	Brønsted	 acid	 groups	 such	 as	 carboxylic	 groups	 -COOH	or	 sulfonate	 groups	 -SO3H	





metals	 that	 have	 high	 affinity	 towards	 nitrogen,	 and	 that	 can	 have	 unsaturated	 sites	 in	 the	
structure,	which	can	be	used	to	bind	ammonia.	In	this	regard,	copper-based	MOFs	such	as	HKUST-
1	and	MOF-74	have	been	reported	to	be	amongst	the	best	MOFs	with	IRMOF-3	to	attract	ammonia	
[169].	HKUST-1	binds	NH3	 to	 the	open	copper	sites	 through	chemisorption	 forming	a	diamine	
complex	[133].	However,	as	mentioned	in	Section	5.1,	Cu-based	MOFs	instability	upon	adsorption	
has	been	highlighted	by	several	researchers,	who	reported	that	as	a	consequence	of	the	new	bonds	
and	preference	towards	ammonia,	 the	structure	of	 the	MOF	was	 irreversibly	affected	after	 the	
adsorption	[62,170].	A	solution	to	this	issue	might	be	to	modify	ZIF-67	by	doping	copper	in	the	













with	a	composite	of	HKUST-1	and	graphene	oxide	 (GO)	compared	 to	 the	singular	components	
[133].	They	explained	that	this	positive	effect	could	be	due	to	the	increased	porosity	but	also	that	
the	layers	of	graphene	increase	dispersive	forces	which	help	to	retain	the	ammonia.	It	has	been	
reported	 in	 the	 literature	 that	 composites	 of	MOFs	 and	 carbon	materials	 increase	 properties	
[173,174].	 Therefore,	 a	 cheap	 and	 feasible	 solution	 compared	 to	 graphene	 oxide	 could	 be	 to	





































difference	 is	 likely	 to	be	due	 to	 the	 conditions	 in	which	 the	 reaction	 takes	place,	where	a	 fast	
reaction	 in	 a	 continuous	 reactor	 might	 not	 allow	 the	 opportunity	 for	 full	 crystal	 growth.	




Regarding	 the	 performance	 of	 the	 ZIF-67	 samples	 that	were	 chemically	modified	 (Figure	 31),	
some	considerations	can	be	made	by	comparing	them	with	ZIF-67	lab.	In	fact,	if	on	one	hand	the	
copper-doping	modification	did	not	improve	the	capacity,	on	the	other	hand	the	silver	enhanced	
significantly	 the	 NH4-N	 uptake,	 which	 was	 almost	 tripled.	 The	 characterisation	 tests	 of	 ZIF-
67[Co,Cu]	are	shown	is	Appendix	B	(Figure	B	1	and	B	2).	Unfortunately,	there	is	not	an	error	bar	
for	this	test	due	to	the	low	availability	of	Ag	NPs	in	Australia	and	their	limited	concentration	(0.02	








































liquors	 after	 the	 anaerobic	 digestion	 treatment);	 or	 it	 could	 be	 provided	 if	 low-grade	 heat	 is	
available	on	site.		
The	 samples	 were	 characterised	 after	 this	 test,	 with	 particular	 attention	 to	 the	 ones	 which	

























°C.	This	poses	a	problem	of	durability	and	structural	 integrity	of	 the	MOF	 in	 these	conditions.	
Moreover,	 the	 partial	 decomposition	 of	 ZIF-67	 to	 CO(OH)2	 creates	 another	 challenge.	 In	 fact,	
CO(OH)2	 is	 insoluble,	 and	 it	 would	 end	 up	 in	 the	 receiving	 water	 stream	 contaminating	 the	
environment	unless	a	filtration	stage	was	added	before	discharge.	
6.2.3 Optimisation	of	adsorption	conditions	for	ZIF-67	structural	stability	
This	 paragraph	 reports	 the	 results	 of	 elemental	 analysis	 on	 ZIF-67	 to	 identify	 the	 optimal	










Agency	 [181].	 For	 cobalt,	 the	 annual	 average	 EQS	 is	 3	 µg	 L-1,	 whilst	 the	maximum	 allowable	
concentration	EQS	 is	100	µg	L-1	 for	both	 freshwater	and	saltwater.	However,	 this	 is	applicable	























find	 confirmation	 in	 the	 Pourbaix	 diagram	 of	 the	 cobalt-water	 system,	 which	 shows	 the	















detected	 (corresponding	 to	 1,500	 µg	 L-1),	 then	 the	minimum	dilution	 factor	 could	 be	 15.	 It	 is	
important	 to	 note	 that	 if	 the	 annual	 average	 concentration	 EQS	 (3	 µg	 L-1)	was	 applied	 in	 the	
calculation,	the	dilution	factor	would	have	to	be	of	over	1000.	This	represents	a	great	challenge	
because	 even	 though	 the	 average	 ID	 in	 the	 UK	 is	 40	 [184],	 in	 England	 and	 especially	 in	 the	
Midlands	most	 treatment	plants	have	much	smaller	 ID	(many	 in	 the	order	of	1).	Thus,	 further	
















KL	 R2	 RL	 KF	 n	 R2	
20	 8.051	 0.009	 0.939	 0.175-0.810	 0.417	 0.448	 0.989	
35	 11.161	 0.010	 0.857	 0.161-0.793	 1.125	 0.313	 0.863	
Both	models	revealed	that	the	sorption	mechanism	is	favourable,	with	the	Freundlich	parameter	



















































appeared	 after	 the	 adsorption	 test	 at	 3630	 cm-1	 had	 been	 identified	 in	 Section	 5.2.1	with	 the	












Lastly,	 it	 is	 important	 to	 note	 how	 the	 structure	 of	 ZIF-67	 is	 positively	 maintained	 after	
regeneration,	allowing	the	material	to	be	reused	multiple	times	(Figure	42).	Thermal	regeneration	






was	 chemically	modified	with	 at	 room	 temperature	 to	 enhance	 the	 performance	 of	 the	MOF.			
Interestingly,	these	modifications	revealed	a	discrepancy	between	the	lab-synthesised	ZIF-67	and	
ZIF-67	PP,	 available	 commercially,	 since	ZIF-67	 lab	 showed	much	 lower	NH4-N	 removal.	After	















discharge	 limits.	 Characterisation	 analysis	 showed	 that	 the	 structure	 of	 ZIF-67	 seemed	 to	 be	
maintained,	 although	 two	extra	peaks	were	visible	 in	 the	XRD	pattern,	possibly	 indicating	 the	




















of	 it,	 certainly	 new	 regulation	 would	 be	 imposed.	 Thus,	 further	 research	 should	 thoroughly	
investigate	how	cobalt	can	be	retained	in	the	structure	of	ZIF-67.	
Lastly,	 ZIF-67	was	 used	 in	 a	 system	with	 continuous	 flow	 and	 ammonia	 solution	 for	 3	 hours.	
Importantly,	the	media	consistently	captured	the	ammonium	present	in	the	solution	throughout	
the	 test,	with	 a	 peak	 of	 70	%	 removal	 efficiency.	 The	material	was	 effectively	 retained	 in	 the	
reactor	by	a	1	µm	glass	microfibre	filter.	This	result	proves	the	effectiveness	of	ZIF-67	also	in	a	















































exponentially	 in	 the	 past	 20	 years.	 Moreover,	 compared	 to	 the	 conventional	 solvothermal	




















works	can	accept	 for	 settlement	and	biological	 treatment.	This	value	was	set	as	 triple	 the	dry	
weather	flow	(200	L	head-1	day-1).	The	concentration	of	the	influent	was	assumed	5	mg	L-1.	To	
achieve	1	mg	L-1	in	the	outlet	would	correspond	to	an	80	%	removal	efficiency.	As	it	was	observed	





𝑀𝑒𝑑𝑖𝑎	[𝑚#] = 𝐹𝑙𝑜𝑤	𝑟𝑎𝑡𝑒	[𝑚#	ℎ$/] × 𝐸𝐵𝐶𝑇	[ℎ]	 (Eq.	29)	
A	summary	of	the	principal	design	parameters	is	reported	in	Table	14.	
Table	14:	Design	parameters	for	the	adsorption	column	with	ZIF-67	and	MesoLite	
	Parameter	 	 Notes	 	 Notes	
Media	 ZIF-67	 This	work	 MesoLite	 [190]	
Media	cost	[£	kg-1]	 2500	 [192]	 1.93	 Alibaba	
Plant	size	[PE]	 2000	 Assumed	 2000	 Assumed	
Flow	rate	[m3	day-1]	 1200	 Assumed	 1200	 Assumed	
Qmax	[g	kg-1]	 11.16	 This	work	 51	 [188]	
C0	[mg	L-1]	 5		 Assumed	 5	 Assumed	
Ce	[mg	L-1]	 1	 Assumed	 1	 Assumed	
Contact	time	[min]	 60	 Experiment	 15	 Experiment	
Media	[m3]	 50	 Calculated	 12.5	 Calculated	
Life	of	the	media	 50	 Assumed	 50	 Assumed	
From	Eq.	29	 the	volume	of	ZIF-67	needed	was	 indeed	calculated	 from	the	 flow	rate	50	m3	h-1	
(converted	from	1200	m3	day-1),	multiplied	by	the	contact	time	(60	minutes,	thus	one	hour).	In	







𝑀𝑎𝑠𝑠	𝑜𝑓	𝑍𝐼𝐹 − 67	𝑖𝑛	𝑡ℎ𝑒	𝑏𝑒𝑑	[𝑔] = 𝐹𝑙𝑜𝑤	𝑟𝑎𝑡𝑒	[𝐿	ℎ$/] × 𝐸𝐵𝐶𝑇	[ℎ] × 𝜌<=:$>?[𝑔	𝐿$/] =	
























𝐹𝑙𝑜𝑤	𝑟𝑎𝑡𝑒	[𝐿	𝑑$/] = 0.06	𝑑𝑎𝑦𝑠	 (Eq.	33)	
The	result	is	very	low,	indicating	that	the	media	would	need	to	be	changed	multiple	times	within	
the	day.	However,	this	is	a	starting	point	which	enables	us	to	understand	the	current	baseline	with	
respect	 to	 the	batch	 tests	and	 the	capacity	of	 the	media	at	 its	early	 stage	 in	 the	 research.	The	

























































































































the	 first	 reaction	was	 found	 to	be	5	%	of	 the	 total	energy	 requirement	 for	a	plant	 that	 serves	
800,000	PE	 and	 that	 generates	 1000	kg	 of	 struvite	 per	day.	 This	 study	proposed	 a	 first	 stage	
decomposition	at	75	°C	to	evaporate	most	of	the	water,	followed	by	a	second	step	at	250	°C	to	
complete	the	first	reaction	and	recover	all	the	ammonia.	The	recovery	would	then	be	completed	
with	a	 condensation	step.	However,	 this	 conceptual	design	 is	only	a	preliminary	process-flow,	
created	based	on	the	results	of	this	study.			
Future	 research	 should	 look	 more	 in	 details	 into	 the	 design	 of	 the	 thermal	 decomposition	
technology	by	considering	this	new	knowledge,	especially	with	regard	to	the	kinetics.	This	work	


























studies	 should	 analyse	 the	MOF	 behaviour	 in	 synthetic	 and	 real	wastewater.	 In	 this	 research	
project	 ZIF-67	was	 positively	 synthesised	 for	 the	 first	 time	 in	 a	 composite	 configuration	with	
oxidised	recycled	carbon	fibres.	This	configuration	did	not	affect	the	capacity	to	adsorb	NH4-N,	
and	 actually	 improved	 the	 capacity	 of	 the	 corresponding	 ZIF-67	 synthesised	 in	 the	 lab.	 This	
composite	provides	the	advantage	of	overcoming	the	limitation	of	nanoscale	particles	that	would	
be	an	issue	in	industry.	Thus,	research	should	investigate	this	composite,	which	could	facilitate	
the	 scalability	 of	 this	material	 to	 industrial	 scale.	 Lastly,	 future	work	 should	 regard	 thorough	



















precipitation.	Moreover,	high	 levels	of	ammonium	are	 left	 in	 the	stream	due	 to	 the	 limiting	
reagent	(phosphate	ion).	The	objectives	of	this	research	involved	the	assessment	of	struvite	
thermal	decomposition	as	an	option	to	recover	more	valuable	products	whilst	recycling	the	
magnesium	 source,	 thus	 reducing	 the	 operating	 costs	 of	 struvite	 precipitation.	 The	 study	
involved	 the	 characterisation	 of	 the	 decomposition	 products;	 the	 identification	 of	 the	
decomposition	mechanism	and	of	the	energy	required	for	the	process;	the	assessment	of	the	
reusability	of	struvite	calcination	products	to	reduce	the	use	of	magnesium.	
This	 innovation	 report	 highlights	 that	 it	 is	 possible	 to	 thermally	 decompose	 struvite	 and	
recover	ammonia	and	water	in	vapour	form	(objective	A.1).	Interestingly,	42	%	out	of	the	total	
mass	loss	(54.5	%)	can	be	evaporated	by	heating	struvite	at	75	°C.	Elemental	analysis	revealed	
that	 nitrogen	 (2.5	 %	 of	 the	 sample)	 remains	 in	 the	 solid	 at	 that	 temperature,	 whilst	 a	
temperature	of	at	least	250	°C	is	needed	to	evaporate	all	the	ammonia.	The	thermal	analysis	on	
struvite,	 combined	 with	 a	 kinetic	 study	 also	 accomplished	 objective	 A.2	 by	 revealing	 the	
presence	of	a	two-step	decomposition	process.	The	two-step	thermal	degradation	proposed	in	
this	study	is	the	following:	
MgNH(PO( ∙ 6H*O(:) → MgHPO(	(:) + NH&(=) ↑ +6H*O(=) ↑	










decomposition	 technology,	 since	 the	 product	 of	 the	 second	 reaction,	 magnesium	
pyrophosphate	(Mg2P2O7),	is	insoluble	in	water	and	could	hardly	be	reused	to	recover	more	
ammonia.	This	 Innovation	Report	 highlights	how	 the	 energy	 required	 for	 the	 first	 reaction	
would	be	5	%	of	the	total	energy	required	for	a	WWT	plant	serving	800,000	PE	and	producing	
1	 tonne	 of	 struvite	 per	 day.	 	 Thus,	 a	 preliminary	 design	 of	 the	 technology	 was	 suggested	
(objective	A.3),	which	would	use	low-grade	heat	as	a	first	step	to	evaporate	most	of	the	water	
and	small	part	of	 the	ammonia	at	75	°C.	Afterwards,	a	second	heating	unit	would	bring	the	








nanomaterials,	 Metal-Organic	 Frameworks	 (MOFs),	 which	 had	 only	 been	 tested	 for	 the	
recovery	of	ammonia	in	gaseous	form.	This	study	had	the	principal	aim	of	understanding	their	
ability	 to	 capture	 NH4-N	 and	 define	 the	 characteristics	 of	 these	 MOFs	 that	 enhance	 the	
adsorption	towards	ammonium	and	ammonia.	Several	water-stable	MOFs	were	tested	with	a	
batch	 screening	 experiment	 carried	 out	 in	 fixed	 conditions	 in	 ammonia	 solution.	 Their	







48	 %	 removal	 efficiency	 in	 six	 hours	 (objective	 B.2).	 Interestingly,	 ZIF-67	 has	 the	 same	
structure	of	ZIF-8(Zn),	which	gave	an	unstable	behaviour	and	did	not	remove	any	ammonium.	
The	only	difference	lies	in	the	metal	cluster,	which	for	ZIF-67	is	constituted	by	cobalt.	The	same	
consideration	 could	 be	 done	 for	 CPO-27(Zn)	 and	 CPO-27(Ni).	 The	 nickel-based	 CPO-27	






uptake	 ammonium	 in	 different	 conditions	 of	 initial	 pH,	 initial	 ammonium	 concentration,	
adsorbent	loading	and	temperature.	The	structure	was	retained	in	most	cases	and	the	optimal	
range	of	conditions	was	evaluated.	The	optimal	adsorbent	loading	was	found	to	be	at	5	g	of	ZIF-
67	 L-1,	 before	 the	 adsorption	 capacity	 drops	 considerably	 at	 higher	 loadings.	 At	 room	
temperature,	it	emerged	that	56	%	removal	efficiency	could	be	achieved	when	the	ammonium	
was	 25	 mg	 L-1,	 average	 value	 found	 in	 wastewater	 mainstreams.	 Interestingly,	 this	
performance	 increased	 to	 an	 average	 of	 85	%	 removal	 at	 35	 °C,	 taking	 the	NH4-N	below	 a	
conservative	discharge	 limit	of	5	mg	L-1.	This	would	make	 the	MOF	suitable	 for	a	polishing	
treatment,	to	remove	residual	ammonium	before	the	clean	effluent	is	discharged.	
Lastly,	 the	 kinetics	 of	 the	 adsorption	 process	 with	 ZIF-67	 were	 investigated,	 by	 using	 the	
pseudo-first	order	and	pseudo-second	order	kinetic	models.	The	experimental	data	fitted	well	
















phones).	This	work	revealed	 that	 the	cost	needs	 to	drop	 to	below	£	5	kg-1	 for	ZIF-67	 to	be	




for	 the	 regeneration	 but	 could	 release	 gaseous	 ammonia	 and	 be	 reactivated	 thermally.	
Moreover,	 the	 energy	 to	 reactivate	 the	 MOF	 could	 come	 from	 renewable	 sources,	 further	
reducing	 the	 environmental	 impact	 of	 the	 technology.	 Currently,	 the	 cost	 of	 the	 media	
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Figure	A	1:	FTIR	spectra	of	Ni(INA)2	before	adsorption	(b.a.)	and	after	adsorption	(a.a.)	
	
Figure	A	2:	FTIR	spectra	of	MIL-53(Al)	before	(b.a.)	and	after	(a.a.)	adsorption	
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Figure	A	3:	Residual	concentration	Ct	over	time	for	CPO-27(Ni)	at	different	MOF	loadings	
	
Figure	A	4:	FTIR	of	CPO-27(Ni)	before	(b.a.)	and	after	(a.a.)	adsorption	
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Figure	A	5:	Removal	efficiency	over	time	of	ZIF-67,	clinoptilolite	and	MesoLite	
	
Figure	A	6:	FTIR	of	ZIF-67	after	adsorption	with	different	initial	pHs
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Figure	B	1:	XRD	(left)	and	FTIR	(right)	of	ZIF-67[Co,Cu]	compared	to	ZIF-67	PP	
		
	 	
	 	
Figure	B	2:	EDS-TEM	elemental	mapping	images	of	ZIF-67[Co,Cu]	
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Figure	B	3:	XRD	(left)	and	FTIR	(right)	of	Ag@ZIF-67	compared	to	ZIF-67	PP	
	
	 	
	 	
Figure	B	4:	EDS-TEM	elemental	mapping	images	of	Ag@ZIF-67
Co	
Ag	N	
	
126	
	
 	
	
Figure	C	1:	DSC	curve	of	ZIF-67	PP	after	adsorption	at	35	°C	
